Objective: To evaluate T2 relaxation time change using axial T2 mapping in a rabbit degenerated disc model and determine the most correlated variable with histologic score among T2 relaxation time, disc height index, and Pfirrmann grade. Materials and Methods: Degenerated disc model was made in 4 lumbar discs of 11 rabbits (n = 44) by percutaneous annular puncture with various severities of an injury. Lumbar spine lateral radiograph, MR T2 sagittal scan and MR axial T2 mapping were obtained at baseline and 2 weeks and 4 weeks after the injury in 7 rabbits and at baseline and 2 weeks, 4 weeks, and 6 weeks after the injury in 4 rabbits. Generalized estimating equations were used for a longitudinal analysis of changes in T2 relaxation time in degenerated disc model. T2 relaxation time, disc height index and Pfirrmann grade were correlated with the histologic scoring of disc degeneration using Spearman's rho test. Results: There was a significant difference in T2 relaxation time between uninjured and injured discs after annular puncture. Progressive decrease in T2 relaxation time was observed in injured discs throughout the study period. Lower T2 relaxation time was observed in the more severely injured discs. T2 relaxation time showed the strongest inverse correlation with the histologic score among the variables investigated (r = -0.811, p < 0.001). Conclusion: T2 relaxation time measured with axial T2 mapping in degenerated discs is a potential method to assess disc degeneration.
INTRODUCTION
in the rabbit is a popular model of disc degeneration, because it is a relatively cheap, simple method to produce disc degeneration rapidly (6) . Typically, disc degeneration model is made by surgical stabbing of annulus fibrosus under anesthesia. Percutaneous annular puncture model guided by fluoroscopy (7) or CT (8) was recently introduced as a minimally invasive model to produce disc degeneration, which allows researchers to study the safety and efficacy of new therapeutic interventions.
Usually non-invasive methods to assess the degenerated disc include measuring the disc height on plain radiograph, and classification of the degenerated disc with MR T2 grading system by morphology and signal intensity (9, 10) . Usefulness of MR T2 mapping of human disc is well known and the calculation of representative T2 relaxation time in the region of interest (ROI) is widely used as quantitative measurement of disc degeneration (11) (12) (13) . T2 relaxation kjronline.org time of human intervertebral disc has a strong correlation with water content of the disc and patient's age, and disc degeneration grading by MR T2 images (11) (12) (13) (14) . MR T2 mapping of intervertebral disc in the rabbit was recently reported by Sun et al. (15) and used as a noninvasive method to monitor the change of disc degeneration after interventions in sagittal or coronal planes (16) (17) (18) . However, the sagittal or coronal plane limits the area of intervertebral discs in the field of view more than the axial plane. The single mid sagittal or mid coronal scan of discs may also limit detection of early degeneration in eccentric location (19) .
The purpose of this study was to evaluate T2 relaxation time change of the rabbit degenerated disc model by axial T2 mapping, and determine the most correlated variable to histologic score among T2 relaxation time, disc height index (DHI) and Pfirrmann grade.
MATERIALS AND METHODS

Degenerated Disc Model by Percutaneous Annular Puncture
Eleven New Zealand white rabbits (male; 5 months old; mean weight, 3.27 kg; weight range, 2.56-4.00 kg) were used in this study, which was approved by the Institutional Animal Care and Use Committee. After anesthesia, lateral plain radiographs, baseline MR T2 sagittal scan and T2 map were obtained before annular puncture. Fluoroscopy-guided percutaneous annular puncture was done by posterolateral oblique approach. L6-7 discs were not included, because of probable effect by lumbosacral and sacroiliac junction. Annular puncture was done in 4 random lumbar discs in each rabbit causing 4 injuries of differing severity, i.e., single annular puncture with 23 G, 21 G, 18 G needle and multiple (3 times) annular punctures with 18 G needle. One lumbar disc in each rabbit was considered as a control. The levels of control and experimental discs were randomized in each rabbit to prevent bias that may occur by the level of the disc. Annular puncture was done until the needle tip reached center of the disc on fluoroscopic image (Fig. 1) .
Imaging Studies
Imaging studies were done 3 times in 7 rabbits (group 1), before the annular puncture, and at 2 weeks and 4 weeks after the annular puncture. Additional 6 week imaging was done for the other 4 rabbits (group 2) to obtain enough cases of advanced disc degeneration.
After anesthesia, lumbar spine lateral radiograph was taken in all rabbits before percutaneous annular puncture to measure disc height using a VB Endura C-arm System (Philips Medial Systems, Shelton, CT, USA). MRI was performed using a MAGNETOM Trio Tim 3T MR System (Siemens, Forchheim, Germany). Sagittal T2-weighted images, including all lumbar vertebral discs, were acquired using a fast spin-echo sequence (pulse repetition time/echo time = 4090/101 ms, acquisition matrix = 512 x 245, echo train length = 19, field 
Image Analysis
Disc height was defined as the shortest dimension drawn between the mid points of adjacent endplates. Disc height measurement was done by 1 radiologist (5 year experience in musculoskeletal MR) in 2 separate sessions and averaged values were obtained. The relative disc height (RDH) compared to the control disc was used for DHI calculation, because the measured disc height may be influenced by the degree of muscle relaxation during anesthesia. RDH and DHI were calculated as follows: RDH = disc height after annular puncture x (height of control disc before annular puncture / height of control disc after annular puncture) DHI = (disc height before annular puncture -RDH after annular puncture) / disc height before annular puncture For MR T2 grading of disc degeneration in lumbar intervertebral discs, a grade from 1 to 5 was assigned on the basis of Pfirrmann's (9) criteria by 1 radiologist (5 years experience of musculoskeletal MR) in 2 separate sessions. Final assignment was made in the third session for disagreed cases. Discs were classified as grade 1 if the nucleus pulposus and inner annulus fibrosus had normal height and bright signal intensity, grade 2 if the nucleus pulposus and inner annulus fibrosus has inhomogeneous signal intensity with or without horizontal band, grade 3 if the nucleus pulposus and inner annulus shows inhomogeneous gray intermediate signal intensity or slightly decreased height, grade 4 if the nucleus pulposus and annulus fibrosus shows intermediate to low signal intensity or moderately decreased height, and grade 5 if nucleus pulposus and annulus shows low signal intensity and collapsed disc space (Fig. 2) .
For measurement of T2 relaxation time, 5 mm 2 sized ROI was drawn manually in the center of nucleus pulposus in axial T2 map images that were automatically generated by MR system. All imaging analysis was done using an image work station, M-view PACS system (Infinitt Healthcare, Seoul, Korea).
Histologic Analysis
After the final radiographs and MR images were obtained, the rabbits were sacrificed. Control and experimental discs were harvested for histologic studies. The mid sagittal section of disc with adjacent endplates were fixed in 10% neutral buffered formalin containing 10% cetylpyridinium chloride, decalcified in Cal-Ex II Fixative/Decalcifier (Fisher Scientific, Pittsburgh, PA, USA), paraffin-embedded, and sectioned to a 6 micrometer thickness. The sections were stained with hematoxylin and eosin. Histologic score was given by 1 radiologist, using the histologic grading scale (Table 1) , developed by Masuda et al. (10) , ranging from a normal disc with 4 points (1 point in 4 category) to a A. Grade 1 disc shows homogenous bright high signal intensity in nucleus pulposus and inner annulus fibrosus. B. Grade 2 disc shows inhomogeneous high signal intensity in nucleus pulposus with less distinct margin between nucleus pulposus and annulus fibrosus. kjronline.org severely degenerated disc with 12 points (3 points in 4 category). Typical histologic finding of discs were shown in Figure 3 .
Statistical Analysis
Statistical analysis was performed with IBM SPSS 20.0 (IBM SPSS Statistics, Armonk, NY, USA). Generalized estimating equations were used for a longitudinal analysis of T2 relaxation time changes in degenerated disc model. Spearman's rho test was done for correlation of T2 relaxation time, DHI, and Pfirrmann grade with the histologic score.
RESULTS
Seven rabbits of group 1 underwent imaging studies, before and 2 weeks after annular puncture. Only 6 rabbits were available for imaging studies 4 weeks after annular puncture, because 1 rabbit died of unknown cause a day after 2 week imaging study. All 4 rabbits of group 2 underwent imaging studies before and 2 weeks, 4 weeks, and 6 weeks after annular puncture. Total 180 discs of serial imaging studies in 11 rabbits were included in this study.
T2 Relaxation Time Change of Degenerated Disc Model
T2 relaxation time value showed progressive decrease in injured discs over the study period (Fig. 4) . The significant decrease of T2 relaxation time was observed at 2 weeks, 4 weeks, and 6 weeks after annular puncture in injured discs (p < 0.001). Also, significant decrease of T2 relaxation time was confirmed in all injured discs, when grouped analysis was done by severity of injury (p < 0.001 in all severity of injury). In contrast, no significant decrease in T2 relaxation time for the control discs was observed through the 6-week period (p = 0.744).
T2 relaxation time in disc models of variable strength injury, at 2 weeks, 4 weeks, and 6 weeks after annular puncture were shown in Table 2 . T2 relaxation time values of the discs injured by 23 gauge single annular punctures were not significantly different from that of control discs at 2 weeks and 4 weeks (p = 0.796, 0.122, respectively). But T2 relaxation time value continued to decrease and was significantly different from that of control discs at 6 weeks after annular puncture (p = 0.005). More severely injured discs punctured by 21 gauge, 18 gauge needle single or multiple times showed significantly lower T2 value, as compared to that of control discs from 2 weeks and throughout the study period.
Pfirrmann Grade and Disc Height Index
All vertebral discs in serial imaging studies were categorized as Pfirrmann grade 1 in baseline imaging study. Total 180 discs in all follow-up imaging were assigned as grade 1 (healthy, n = 99, including control discs and discs before annular puncture), grade 2 (n = 31), grade 3 (n = 25), grade 4 (n = 22), and grade 5 (severely degenerated, n = 0). The T2 relaxation time values in different Pfirrmann grades were listed in Table 3 . Pfirrmann grades of rabbit disc models at the 2 weeks and 4 weeks time points were shown in Figure 5 . Higher Pfirrmann grades were assigned in injured discs at 6 weeks, as compared to 4 weeks after the kjronline.org annular puncture. Pfirrmann grades also showed significant difference between injured discs and control disc with time effect (p < 0.001). However, there was no significant difference of DHI between injured disc and control discs over the 6-week period (p = 0.443).
Correlation to Histologic Score T2 relaxation time showed the strongest inverse correlation with the histologic score with the correlation coefficient of -0.811 (p < 0.001). Pfirrmann grade also showed a fairly strong correlation (r = 0.770, p < 0.001) with the histologic score. However, there was a weak correlation between DHI and the histologic score (r = 0.394, p = 0.021).
DISCUSSION
The method of Masuda et al. (10) is widely used for kjronline.org the measurement of disc height. But there are several limitations to disc height measurement on plain radiographs. First, the rabbit must be under the same level of anesthesia, because the disc heights vary according to the depth of sedation and muscle relaxation. The plain radiograph has its own limitation in proper positioning to reveal the true disc height in every disc, because of coneshaped X-ray beam and different distances from object to X-ray detector. There may be errors of the disc height measurement on plain radiograph, because the vertebral endplates of rabbits are more concave and vertebral bodies have curved margin, which may cause low reproducibility. Finally and most importantly, early disc degeneration, that can show minimal or no height change, cannot be assessed by disc height measurement alone. DHI are calculated from RDH in this study to reduce bias from different depth of anesthesia and muscle relaxation, assuming that the depth of anesthesia affects disc height equally at all levels of lumbar spine by muscle relaxation and that height of control level does not change after the puncture of other discs. Nevertheless, DHI showed fair correlation to histologic score with r = 0.394, and the difference between injured discs and control discs were not significant in this study. Pfirrmann et al. (9) introduced an MR grading system for disc degeneration, assessed by disc morphology and signal intensity on MR T2-weighted images. Pfirrmann grade is widely used in classifying disc degeneration; and early disc degeneration is assessable as grade 2 disc that does not show decrease of disc height, by change of signal intensity. However, it is also limited, because it is a semiquantitative method and subjective modality that relies on the radiologists' vision. Also, the discs in the same grade of degeneration show wide variability of signal intensity and morphology. Furthermore, Pfirrmann grade has limitation of morphological analysis, which cannot assess biochemical and biomechanical properties of degenerated disc.
However, T2 mapping of degenerated disc gives information of water content and tissue integrity. Marinelli et al. (19) reported that T2 relaxation time was significantly correlated with water content of human cadaver nuclei. Subsequently, the same group reported that T2 relaxation times correlated with Pfirrmann grade in degenerated discs (20) . Interestingly, for the 44 Pfirrmann grade 2 discs, the mean T2 relaxation time of nuclear region were decreased in aged persons, as compared to young adults. They suggested that decrease of T2 relaxation time is associated with decreasing glycosaminoglycan and water content.
In this study, the T2 relaxation times of nucleus pulposus in the rabbits agrees well with that of human intervertebral discs and rabbit models, in other published studies. Blumenkrantz et al. (12) reported that mean T2 relaxation times of human nucleus pulposus were grade 2 (92.3 ± 27.2 ms), grade 3 (59.5 ± 12.5 ms), grade 4 (59.6 ± 7.6 ms), and grade 5 (37 ms). Trattnig et al. (14) reported mean T2 relaxation times of human nucleus pulposus, in normal disc (Pfirrmann grade 1 and grade 2) as 128.5 ± 42.4 ms, and (21) introduced a new classification of disc degeneration with axial T2 mapping. They showed that the conventional MR grading system with T2-weighted image shows larger difference of T2 value between grade 1 and grade 2 discs, but smaller difference of T2 value between grade 2 and 3, or grade 3 and 4. However, T2 relaxation time shows more uniform differences of T2 value between all grades of disc degeneration, and is more suitable for T2 based classification. Welsch et al. (13) cautiously suggested that quantitative T2 mapping might enable a diagnosis of longitudinal changes in the biochemical and biomechanical profile of a degenerated disc, which was demonstrated in our study. T2 relaxation time value of the injured disc showed progressive decrease over the study period, whereas no significant decrease in T2 relaxation time for the control discs was observed through the 6-week period (p > 0.05). Also, more severely injured discs showed more rapid decrease in T2 relaxation time. Finally, T2 relaxation time was most strongly correlated to histologic score (r = -0.811, p < 0.001) among the other variables in our study. The result of our study indicated that T2 relaxation time measurement is a valuable method to evaluate the disc degeneration process, non-invasively.
This study had several limitations. First, all radiological and histological assessments were done by 1 radiologist, who was blinded to other results, and intra-observer/ inter-observer variability was not assessed. Second, 3 discs were excluded in T2 mapping, because of severe artifact. Moreover, the rabbit disc is very small and careful localization is needed to obtain proper mid axial scan, as compared to mid sagittal scan, without partial-volume effect and eccentric localization. Therefore, rabbits weighing ≥ 3 kg are suitable for axial T2 mapping. The sagittal scans are known to minimize partial volume effect, but the midsagittal scan cannot represent degeneration of whole disc, because early disc degeneration could be eccentric. Axial T2 mapping of nucleus pulposus should be more valuable for early eccentric disc degeneration. Third, there was no grade 5 disc in this study due to short total duration of the study (6 weeks) and disc degeneration may progress over time. Grade 5 disc is severely degenerated, with severe decreases in height. So the probability of having partial volume effect is increased in grade 5 discs, which were not shown in this study. But most of the studies on disc regeneration after a specific treatment usually target early disc degeneration and axial T2 mapping could be a feasible method to monitor disc degeneration or regeneration at early stages. Also, height loss can be less frequently seen in rabbits, because gravity has little effect on the spine of the rabbit than on that of the human.
In conclusion, quantitative axial T2 mapping of degenerated disc model in the rabbit is a valuable method to assess the disc degeneration process; in addition, T2 relaxation time kjronline.org showed the strongest correlation to histologic score, as compared to DHI and Pfirrmann Grading System.
